This article presents a predictive molecular signature that marks the early onset of fibrosis in a translational nonalcoholic steatohepatitis mouse model. Overlap of genes and processes with human nonalcoholic steatohepatitis and a list of top candidate biomarkers for early fibrosis are described.
BACKGROUND & AIMS:
The incidence of nonalcoholic steatohepatitis (NASH) is increasing. The pathophysiological mechanisms of NASH and the sequence of events leading to hepatic fibrosis are incompletely understood. The aim of this study was to gain insight into the dynamics of key molecular processes involved in NASH and to rank early markers for hepatic fibrosis.
METHODS:
A time-course study in low-density lipoprotein-receptor knockout. Leiden mice on a high-fat diet was performed to identify the temporal dynamics of key processes contributing to NASH and fibrosis. An integrative systems biology approach was used to elucidate candidate markers linked to the active fibrosis process by combining transcriptomics, dynamic proteomics, and histopathology. The translational value of these findings were confirmed using human NASH data sets.
RESULTS: High-fat-diet feeding resulted in obesity, hyperlipidemia, insulin resistance, and NASH with fibrosis in a time-dependent manner. Temporal dynamics of key molecular processes involved in the development of NASH were identified, including lipid metabolism, inflammation, oxidative stress, and fibrosis. A data-integrative approach enabled identification of the active fibrotic process preceding histopathologic detection using a novel molecular fibrosis signature. Human studies were used to identify overlap of genes and processes and to perform a network biology-based prioritization to rank top candidate markers representing the early manifestation of fibrosis.
CONCLUSIONS: An early predictive molecular signature was identified that marked the active profibrotic process before histopathologic fibrosis becomes manifest. Early detection of the onset of NASH and fibrosis enables identification of novel blood-based biomarkers to stratify patients at risk, N onalcoholic fatty liver disease (NAFLD) has become the most common chronic liver disease in developed countries. 1 This increasing prevalence is associated closely with the incidence of obesity, insulin resistance, and dyslipidemia, all of which are risk factors for NAFLD. [2] [3] [4] [5] NAFLD is associated with 26% higher overall health care costs, mainly from associated cardiometabolic diseases, 6 and is projected to become the primary indication for liver transplantation within the next several years. 7 NAFLD encompasses a spectrum of liver diseases ranging from the relatively benign hepatic steatosis to nonalcoholic steatohepatitis (NASH), the progressive form of NAFLD.
NASH is characterized by the presence of hepatocellular damage and inflammation, 8 which in concert can drive the development of fibrosis. 9 Recently, liver fibrosis was recognized to be strongly associated with long-term overall mortality, independently of other histologic features of NAFLD or NASH. 10, 11 There is currently no method to identify which patient will progress from NAFLD and/or NASH to fibrosis. In addition, NASH and liver fibrosis are clinically silent, with hardly any symptoms, which means that detection often does not occur until the advanced stages of disease.
The molecular and cellular mechanisms involved in the pathogenesis of NAFLD and NASH have not been elucidated completely yet, but it is clear that disease progression is the result of complex and dynamic interactions between many processes, such as lipid metabolism, inflammation, oxidative stress, and fibrosis. However, the current body of knowledge relies mostly on results from studies that investigate these processes at a single time point (generally end point pathology) rather than investigating their interplay and dynamics over time. Information on the temporal dynamics and interaction between various molecular and pathologic processes has been shown to provide insight into early disease manifestations and allow detection of the onset of progressive disease. 12 Animal models of NAFLD and NASH can be used for time-resolved studies and are suitable to provide crucial information on the processes that contribute to disease development. In the current study, we investigated the development of NASH in a time-resolved manner in high-fatdiet-fed low-density lipoprotein-receptor knockout (LDLr-/-.Leiden) mice, which develop NASH and hepatic fibrosis in the context of obesity, dyslipidemia, and insulin resistance, as is typical for NASH patients. 13 Dynamic proteomic analyses that involve deuterated water labeling and tandem mass spectrometry were used to measure the formation of new collagens representing the active fibrosis process. [14] [15] [16] RNA sequencing was used to generate a genetic time-resolved profile of processes involved in the development of NASH. This allowed identification of the dynamics of key molecular processes involved in the development of NASH and fibrosis. An integrative systems biology approach was used to investigate the molecular processes involved in the active fibrosis process by combining transcriptomics, dynamic proteomics, and histopathology. To gain insight into the translational value of these findings, the LDLr-/-.Leiden NASH mouse was compared with NASH patients on the molecular level. In addition, network biology-based ranking was performed using databases containing data from human cohort studies to identify candidate markers that represent the early manifestation of fibrosis.
Materials and Methods

Animals and Housing
Animal experiments were approved by an independent Animal Care and Use Committee and were in compliance with European Community specifications for the use of laboratory animals.
Time-Course Study
Twelve-week-old male LDL-receptor knockout mice were obtained from the breeding facility of TNO Metabolic Health Research (Leiden, The Netherlands). Animals received either standard rodent chow (Sniff-R/M-V1530 with 33 kcal% protein, 58 kcal% carbohydrate, and 9 kcal% fat; Uden, The Netherlands) (N ¼ 45) or a high-fat diet (HFD) (D12451; Research Diets, Inc, New Brunswick, NJ; with 20 kcal% protein, 35 kcal% carbohydrate, and 45 kcal% lard fat) (N ¼ 75) for a total of 30 weeks. Mice were group-housed in the specified pathogen free animal facility of TNO Metabolic Health Research, in a temperaturecontrolled room on a 12-hour light/dark cycle with ad libitum access to food and water. All interventions were performed during the light cycle. Groups were sacrificed after 6, 12, 18, 24, and 30 weeks on the diets. Blood samples were collected via the tail vein for EDTA plasma isolation after a 5-hour fast at 6-week intervals. A subset of mice (chow, n ¼ 6; HFD, n ¼ 15) was sacrificed every 6 weeks. This subset was matched to the remaining mice for body weight and the biochemical parameters of plasma cholesterol, triglycerides, blood glucose, and insulin. One group of mice (n ¼ 15) was sacrificed before the start of the diets to define the starting condition (time [t] ¼ 0). In the 18-week and 24-week groups, 1 animal died before sacrificing, which was not included in the analyses (resulting in HFD, n ¼ 14 for these 2 time points). One week before sacrifice, all mice received an intraperitoneal injection with deuterated water (35 mL/g body weight) followed by 8% deuterated water in the drinking water until sacrifice to allow for dynamic proteomics analyses. Animals were terminated by CO 2 asphyxiation, and a terminal blood sample (for EDTA plasma) was collected by cardiac puncture. Liver and adipose tissue depots were isolated. Tissues were partly fixed in formalin and paraffin-embedded for histologic analysis and partly snap frozen in liquid nitrogen and stored at -80 C for RNA isolation and dynamic protein profiling.
Biochemical Analysis of Circulating Factors
Total plasma cholesterol and triglycerides were measured with enzymatic assays (Roche Diagnostics, Almere, The Netherlands). Blood glucose level was measured immediately during blood sampling using a hand-held glucose analyzer (FreeStyle Lite, Abbot Laboratories, Hoofddorp, the Netherlands). Plasma insulin level was determined by enzymelinked immunosorbent assay (ultrasensitive mouse insulin enzyme-linked immunosorbent assay; Mercodia, Uppsala, Sweden). Plasma alanine aminotransferase (ALT) and aspartate aminotransferase (AST) levels were measured using a spectrophotometric activity assay (Reflotron-Plus; Roche Diagnostics). HOmeostatic Model Assessment for Insulin Resistance was used to evaluate insulin resistance (fasting plasma insulin [mg/L] Â fasting plasma glucose [mmol/L]/22.5). 17 
Intrahepatic Lipid Analysis
Liver lipids were analyzed by high-performance thinlayer chromatography as described previously. 18 Briefly, lipids were extracted from liver homogenates using methanol and chloroform following the Bligh and Dyer 19 method, after which they were separated by high-performance thinlayer chromatography on silica gel plates as described previously. 20 Lipid spots were stained with color reagent, and triglycerides, cholesteryl esters, and free cholesterol were quantified using TINA software version 2.09 (Raytest, Straubenhardt, Germany).
Histologic Analysis
For histologic analysis of liver, 3-mm-thick cross-sections of the median lobe were stained with H&E. NAFLD was scored blindly by a board-certified liver pathologist using a general scoring system for rodent models, which is based on the human NASH Activity Score grading criteria. 21 Briefly, 2 cross-sections per mouse were examined and the level of microvesicular and macrovesicular steatosis was expressed as a percentage of the cross-sectional area. Hepatocellular hypertrophy (hepatocyte size > 1.5Â normal diameter) was determined and expressed as the percentage of the total liver slide area. Hepatic inflammation was assessed by counting the number of inflammatory foci per field at a magnification of 100Â in 5 nonoverlapping fields per specimen, expressed as the average number of foci per mm 2 field. Fibrosis was assessed histochemically by Picro-Sirius Red staining (Chroma; WALDECK-GmbH, Munster, Germany). Collagen content was quantified using ImageJ Software (National Institutes of Health, Bethesda, MD) by assessment of the area of liver tissue that was stained positively (expressed as the percentage of total tissue area). In addition, the development of fibrosis was assessed by a liver pathologist to quantify the percentage of perisinusoidal fibrosis (expressed as the percentage of perisinusoidal fibrosis relative to the total perisinusoidal area).
Mouse Hepatic Gene Expression Analysis
Total RNA was extracted from the liver at all time points (n ¼ 6 for chow group/time point and n ¼ 12 for HFD group/time point), with Ambion RNAqueous total RNA isolation kit (Thermo Fisher Scientific, Inc, Waltman, MA). The RNA concentration was determined spectrophotometrically using Nanodrop 1000 (Isogen Life Science, De Meern, The Netherlands), and RNA quality was assessed using the 2100 Bioanalyzer (Agilent Technologies, Amstelveen, The Netherlands). Strand-specific messenger RNA sequencing libraries for the Illumina (San Diego, CA) platform were generated and sequenced at BaseClear BV (Leiden, The Netherlands). The libraries were multiplexed, clustered, and sequenced on an Illumina HiSeq 2500 with a single-read 50-cycle sequencing protocol, 15 million reads per sample, and indexing. Differentially expressed genes (DEGs) were determined at weeks 6, 12, 18, and 24 using the DEseqmethod with statistical cut-off false discovery rate of less than 0.001. 22 DEGs were used as an input for pathway analysis through Ingenuity Pathway Analysis (IPA) suite (www.ingenuity.com, accessed 2016).
Dynamic Proteomics
A dynamic proteomics platform described previously 23, 24 was applied to quantify the fractional synthesis rates of a large numbers of proteins via stable isotope labeling and liquid chromatography-mass spectrometry-based mass isotopomer analysis. Briefly, mice were labeled with deuterated water for 7 days, frozen liver tissue (chow, n ¼ 3; HFD, n ¼ 4) was subjected to sequential protein extraction to fractionate cellular, guanidine-soluble extracellular matrix (ECM) proteins and residual insoluble ECM proteins, and protein fractional synthesis rates (fraction of each protein that had been newly synthesized during the 7-day labeling period) were calculated using mass isotopomer analyses as described previously. 25 Translational Aspects of LDLr-/-.Leiden NASH Mouse Model
To gain insight into the translational value of the LDLr-/-.Leiden NASH mouse model, a comparison was made at the molecular level between the LDLr-/-.Leiden mouse and data from NASH patients. The human gene expression data set (GSE48452) was downloaded from Gene Expression Omnibus (http://www.ncbi.nlm.nih.gov/geo) including 12 control liver samples (group C), 16 healthy obese samples (group H), 9 steatosis samples (group S), and 17 NASH samples (group N). This data set was derived from a study performed by the laboratory of Dr J. Hampe (Kiel, Germany). From this data set, samples were used that were obtained before the patients underwent a gastric bypass surgery. 26 Gene expression levels were measured using the Affymetrix Human Gene 1.1 ST array (transcript version) (Affymetrix, Inc, Santa Clara, CA). The probe-level, background-subtracted, expression values were used as input for the lumi package 27 of the R/Bioconductor (http://www.bioconductor.org; http://www.r-project.org) to perform quality control and quantile normalization. Differentially expressed probes were identified using the limma package of R/Bioconductor, 28, 29 and calculated values of P < .01 were used as the threshold for significance. These differentially expressed probes were used as input for pathway analysis through IPA suite (www.ingenuity.com, accessed 2017).
Feature Selection for Molecular Fibrosis Signature
Identification and ranking of features (genes and proteins) for the molecular fibrosis signature was obtained by calculating a rank/composite score based on 3 approaches: correlation analyses (Pearson and Spearman) to link differentially expressed genes to newly formed proteins; weighted association of genes and proteins to key disease processes (direct and indirect biological link); and the presence of genes/proteins in a biomarker database (Integrity Biomarker Module; Thomson Reuters, London) for NASH and hepatic fibrosis, or other fibrotic diseases.
The approaches in more detail were as follows: the Pearson correlation coefficient was calculated for all normalized gene counts (expressed as Reads Per Kilobase per Million mapped reads 30 ) per subject and fractional synthesis rates from the dynamic proteome analysis. 25 Because the Pearson correlation method is prone to induce a bias in feature selection because of the presence of potential outliers, Spearman rank correlation also was performed on the same data set. Features were selected for the fibrosis signature when both the Pearson and Spearman correlation coefficient were greater than 0.9 (P < .01). The feature list of the fibrosis signature resulted in 232 genes and 8 proteins that were used as the seed list for the association to key disease processes (direct biological link). The Path Explorer tool (IPA; Qiagen, Redwood City, CA) was used to calculate the shortest path between 232 signature genes and defined 4 key processes. This algorithm connects predefined molecules such as the fibrosis signature to other molecules or processes using the curated knowledge from Ingenuity Knowledge Base (Qiagen). Because not all genes could be linked directly to these processes, the biological context of the remaining genes and proteins was determined by building an induced modules networks using databases within ConsensusPathDB (http://cpdb.molgen.mpg.de/), indicated as the indirect biological link. The interactions from ConsensusPathDB were visualized in Gephi using ForceAtlas2, a continuous graph layout algorithm 31 for network visualization. Final prioritization was obtained by identification of which of the 232 genes and 8 proteins were documented in the Integrity biomarker module (accessed March 2017) and used as a biomarker in human studies (clinical trials and observational studies) related to NASH, hepatic fibrosis, or other fibrotic diseases.
Statistical Analysis
In vivo data are presented as means ± SD. The significance of differences between chow and HFD animals in continuous variables were tested using a 2-way analysis of variance with the Bonferroni post hoc test. Statistical differences between HFD and chow-fed animals were tested using the Student t test. Differences with a P value less than .05 were considered significantly different.
Results
HFD Feeding Induces Obesity, Hypercholesterolemia, Hypertriglyceridemia, and Insulin Resistance
At the start of the experiment, mice from both groups had an equal average body weight of 28.2 ± 2.4 g (chow group) and 28.3 ± 2.4 g (HFD group). Body weight increased in HFD-fed mice relative to chow-fed mice, and was statistically significant after 6 weeks of HFD treatment (HFD, 40.4 ± 3.2 vs chow, 31.3 ± 3.1 g; P < .001). This difference in body weight was sustained until the end of the study at week 30 ( Figure 1A ). This body weight increase was reflected by increased weights of various white adipose tissue depots (data not shown). HFD feeding resulted in an obese phenotype with obesity-associated hypercholesterolemia, hypertriglyceridemia, and hyperinsulinemia ( Figure 1B-D) . All parameters showed a strong increase from week 6 until week 18 and remained at this increased level until the end of the study. Although blood glucose levels were not increased significantly at all time points ( Figure 1E ), the HOMA index indicated that HFD-fed mice became insulin resistant from week 6 until week 24 ( Figure 1F ), indicating appropriate b-cell compensation.
HFD Feeding Induces NAFLD, Which Progresses to NASH Over Time
In parallel with the development of an obese phenotype, plasma levels of liver damage markers ALT and AST increased significantly upon HFD feeding. Plasma levels of ALT and AST were increased rapidly and significantly from 6 weeks onward in HFD vs chow mice (Figure 2A and B). Liver weight in HFD-fed animals was increased significantly relative to chow-fed animals after week 18 ( Figure 2C ). Biochemical analysis of intrahepatic lipids showed that free cholesterol in the liver was increased significantly at weeks 18 and 24 in HFD-fed animals ( Figure 2D ). Liver triglyceride levels reached a maximum at week 18 and remained at this level up until week 30 ( Figure 2E ). Cholesteryl esters already were increased significantly at week 6 and remained increased significantly at all later time points ( Figure 2F ).
Histopathologic analysis of hepatic steatosis (both microvesicular and macrovesicular), hepatocellular hypertrophy, hepatic inflammation, and hepatic fibrosis showed the development of NASH with fibrosis on prolonged HFD feeding ( Figure 3) . In HFD-fed animals both macrovesicular and microvesicular steatosis were pronounced at week 6 and increased until week 18 ( Figure 4A and B). Mild liver cell hypertrophy was detectable at week 6, and strongly increased until week 18, after which no further increase was observed ( Figure 4C ). In contrast, the number of inflammatory aggregates in the liver in HFD mice was comparable at weeks 6 and 12, and showed a strong but variable increase starting at week 18 ( Figure 4D ). Histopathologic liver fibrosis was not present at weeks 6 and 12, but became detectable at week 18 and showed a gradual increase up until week 30 ( Figure 4E ).
Transcriptome Analysis Showed Dynamics of Key Processes Involved in NASH and Fibrosis
To unravel the molecular processes affected during the development of NASH and fibrosis and to provide insight into their time-resolved patterns of regulation during disease progression, next-generation sequencing of hepatic gene expression was performed. HFD feeding substantially increased the number of DEGs compared with chow feeding, ultimately leading to 2888 and 2753 DEGs (false discovery rate < 0.001) at weeks 18 and 24, respectively ( Figure 5A ). Analysis of the degree of overlap between the different time points shows that the majority of genes expressed at weeks 18 and 24 are shared. In addition, a large proportion of the genes that are differentially expressed at week 12 remain differentially regulated at weeks 18 and 24, as shown in the Venn diagram ( Figure 5B ). Gene set enrichment analysis indicated a clear modulation of pathways related to NASH and hepatic fibrosis at week 24 after HFD treatment, as exemplified by expression changes of genes in lipid metabolism pathways and a strong activation of genes in the hepatic fibrosis/hepatic stellate cell activation and integrin signaling pathways. In addition, among the top canonical pathways, 13 inflammation-related pathways and oxidative stress response pathways were activated by the HFD treatment compared with chow ( Figure 5C ). Integration of expression data from all time points clearly showed a timeresolved response of the main categories of processes that play a role in the development of NASH and hepatic fibrosis, namely lipid metabolism, inflammation, oxidative stress, and fibrosis ( Figure 6 ). The process of lipid metabolism is the first to be activated (from week 6 onward), while the inflammatory, oxidative stress, and fibrotic response were activated from week 12 onward. These data show early response genes and processes from all main categories that already were expressed differentially in week 12.
Dynamic Proteomic Analyses Uncovers Early Synthesis of Extracellular Matrix Proteins
Next, we investigated whether these pronounced effects of HFD feeding on gene expression also were reflected on the protein level by measuring protein turnover rates, using deuterated water-labeled. This dynamic protein analysis was performed, using the guanidine-soluble and guanidineinsoluble proteins from liver, to provide insight into the proteins that were synthesized during the last week before sacrifice (expressed as a fractional synthesis value; ie, the fraction of each protein that was newly synthesized during the 7-day labeling period). The guanidine-soluble fraction contained many extracellular matrix proteins, of which the synthesis rate was increased significantly at an early time point (week 6 or 12) and that remained high during the progression of liver disease (week 24); these included biglycan, collagen1a1, collagen1a2, collagen6a1, fumarylacetoacetase, keratin type I cytoskeletal 18, keratin type II cytoskeletal 8, and nidogen-1. The guanidine-insoluble fraction also contained several extracellular matrix proteins, of which the synthesis rate was significantly different from chow-fed mice at an early stage of disease and remained different during the progression of liver disease, including collagen1a1, collagen3a1, collagen4a1, collagen4a2, collagen6a1, collagen6a2, laminin subunit g1, and several tubulins (data not shown). To visualize the protein synthesis rate, a heatmap was generated based on fold-change differences (Figure 7) . The most predominant difference was seen in a cluster of proteins involved in ECM deposition and fibrosis, which already was abundant after 12 weeks of HFD treatment (Figure 7 , between the dashed lines). These data show increased extracellular matrix synthesis already after 12 weeks of HFD feeding by dynamic protein profiling analysis, a time point at which histopathologic fibrosis was not detectable yet.
LDLr-/-.Leiden NASH Mouse Model Shares Genes and Processes With NASH Patients
To determine the translational value of the molecular changes in the LDLr-/-.Leiden NASH mouse model a comparison analysis was performed using data from human NASH patients (GSE48452). A total of 123 genes (mapped cross-species) were selected that were differentially expressed between NASH patients and healthy controls as previously determined by Teufel et al. 32 From these 123 genes, 71 genes were identified to be expressed in a timedependent manner in HFD-fed LDLr-/-.Leiden mice, with the majority of genes being regulated in the same direction as in human beings ( Figure 8A ). Because analysis on individual gene level may overlook common disease mechanisms, we compared gene set enrichments between LDLr-/-.Leiden mice at week 24 with NASH patients. Interestingly, the previously identified key processes in mice ( Figures 5C and 6 ) involved in the development of NASH also were enriched in the top 18 pathways in human NASH patients ( Figure 8B ). This indicates that the LDLr-/-.Leiden mouse model can be used to study key processes related to NASH and generate data that reflect the human situation.
Feature Selection to Generate an Early Fibrosis Signature and Rank Candidate Biomarkers
An increased expression of fibrosis-related genes and molecular processes as well as synthesis of new matrix proteins was detected already at week 12 and preceded histopathologic detection. Next, a data integrative genomicsproteomics approach was applied to select and prioritize the specific molecular features that enable early detection of hepatic fibrosis. First, the HFD-induced differentially expressed 2753 genes from week 24, a time point at which hepatic fibrosis was abundant, were compared with the differentially expressed genes at week 12. This resulted in a total of 568 differentially expressed genes that were upregulated at weeks 24 and 12. Next, a selection of 33 newly formed proteins were identified that were statistically different compared with chow animals at both weeks 24 and 12 (P < .05). Correlation analysis of these 568 DEGs with 33 statistically different proteins at week 24 resulted in a list of 232 genes that were strongly correlated with 8 proteins (R 2 > 0.9; P < .01) (Supplementary Table 1 ). This set of genes and proteins was designated as the molecular fibrosis signature, of which the biological relevance was investigated further. By using the Path Explorer tool including the Shortest Path algorithm, 88 DEGs were identified to be linked directly to the 4 major processes of lipid metabolism, inflammatory response, oxidative stress, and fibrosis ( Figure 9A ). To determine relations between the remaining genes and the dynamic proteins, an inducedmodules networks ( Figure 9B ) was generated connecting 144 genes and 5 proteins. This indicated clusters of genes/ proteins, of which one was highly related to the ECM and the other indicated genes under control of TAF1, a transcription factor that regulates cell proliferation by affecting the transforming growth factor-b signaling pathway. Next, the relevance of these genes and proteins were calculated (composite score) based on their connection directly or indirectly to one or more key biological processes, whether they were documented in the literature as a biomarker for NASH, hepatic fibrosis, or another fibrotic disease, and based on the fold-change in HFD condition compared with control chow at week 12 (Supplementary Table 2 ). An overview of the top 20 most relevant genes and proteins and the calculated composite scores are shown in Table 1 . To illustrate the relevance of these genes and proteins the correlation between gene expression and histologic grade of fibrosis as measured by Picro-Sirius Red staining was determined. This further strengthened the relationship between signature gene expression and hepatic fibrosis.
Discussion
The development of NASH and hepatic fibrosis is a longterm progressive process. The sequence of molecular events that contribute to the development of NASH and fibrosis is largely unknown. This is partly due to the late diagnosis of NASH and fibrosis because their clinical symptoms do not become manifest until an advanced stage of disease. Therefore, it is difficult to study the early processes involved in disease development in human beings. Animal models of NASH allow time-resolved analysis of events that shows crucial information on early processes contributing to disease development. For such analysis the translational aspects of the mouse model used are a prerequisite.
To study mechanisms of disease development, a wide variety of animal models for NASH and fibrosis are available, which all have their specific advantages and disadvantages. 33, 34 None of these resembles the complete spectrum of molecular processes involved in the development of NASH and fibrosis in human beings. 32 However, to study NASH and fibrosis in a more physiological setting, HFD-induced models better represent human disease development, although the degree of liver injury and fibrosis is less severe than in chemically induced (eg, carbon tetrachloride) fibrosis.
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HFD-fed LDLr-/-.Leiden mice develop characteristics of the metabolic syndrome indicated by obesity, hypercholesterolemia, hypertriglyceridemia, and insulin resistance. As a consequence of HFD feeding, liver damage occurred, as indicated by increased levels of ALT and AST relative to chow-fed controls. Furthermore, liver damage was confirmed by histopathologic analysis, which showed a gradual increase of steatosis, cellular hypertrophy, and inflammation over time. More importantly, LDLr-/-.Leiden mice also developed hepatic perisinusoidal fibrosis. These results show that the LDLr-/-.Leiden mouse model is a suitable model for NASH with associated hepatic fibrosis in the context of obesity, dyslipidemia, and insulin resistance, 20 as is typical for NASH patients. 1 By using a systems biology approach we have provided a timedependent sequence of key molecular processes involved in the development of NASH and fibrosis. This approach allowed us to unravel the mechanisms of disease development, enabled early identification of disease processes leading to hepatic fibrosis, and can guide the development of tools for the discovery of blood-based biomarkers for fibrosis.
To determine the translational value of our findings we compared mouse-derived data with human data using a publicly available NASH patient data set (Gene Expression Omnibus dataset: GSE48452). In a previous study, Teufel et al 32 identified a panel of 123 genes differentially expressed in NASH patients compared with healthy controls. Although Teufel et al 32 reported only few (range, 1-18) overlapping genes between several NASH mouse models and NASH patients, we showed in the current study that the majority (71) of these 123 genes also could be detected in our LDLr-/-.Leiden mouse model. Because an analysis of the individual gene level may depreciate common disease mechanisms, we compared gene set enrichments between HFD-fed LDLr-/-.Leiden mice at week 24 with NASH patients. These data illustrate the overlap between NASH patients and HFD-fed LDLr-/-.Leiden mice on NASH-related processes. Results obtained in this LDLr-/-.Leiden NASH mouse model on these key processes therefore might have clinical relevance.
We identified the temporal dynamics of key molecular processes involved in the development of NASH, namely lipid metabolism, inflammatory response, oxidative stress, and fibrosis. This was supported by time-resolved histopathologic observations showing similarities to human disease development. Furthermore, these data support the multiple-hit hypothesis, which considers multiple processes acting together to induce NASH and fibrosis. 36 This includes triglyceride accumulation and associated lipotoxicity followed by, at least in part, a proinflammatory reaction and oxidative stress response, and a profibrotic process leading to the synthesis of new extracellular matrix and deposition of collagens. The clinical symptoms of this profibrotic process do not become manifest until an advanced stage of disease, at which time disease development is difficult to treat. Therefore, it is important to identify profibrotic processes at an early time point at which pathologic fibrosis is not present yet.
Data integrative approaches were used to correlate a subset of differentially expressed genes to the active formation of newly formed collagen, which was synthesized in the week before animals were sacrificed. This resulted in the identification of a molecular fibrosis signature associated with key disease processes, which can be detected at the molecular level before histopathologic fibrosis becomes manifest. This shows a molecular readout that can be used as a molecular diagnostic tool for the detection of early hepatic fibrosis. In a clinical setting, the use of molecular diagnostics already is used to perform prognostic risk assessments for several diseases including hepatocellular carcinoma 37, 38 and breast cancer. 39 To our knowledge, molecular diagnostics based on a combination of transcriptomics and dynamic proteomics constitute a novel approach that allows early diagnosis of hepatic fibrosis. This tissue-specific molecular signature may lead to the discovery of novel blood-based biomarkers for early detection of fibrosis. The application of advanced -omics technology in the search for novel biomarkers for hepatocellular carcinoma was described earlier. 40 A network biology-based ranking including prior knowledge from databases and the selected genes and proteins from our tissue-specific molecular signature was used to generate a list of candidate blood-based biomarkers.
The set of genes included in the molecular fibrosis signature consists of markers already known to be related to existing hepatic fibrosis as well as novel markers. For example, thrombospontin-1 (THBS1) has been reported to be part of a gene signature implicated in human chronic liver disease. 41 Our data show that THBS1 is also part of our molecular fibrosis signature and strongly correlates with collagen1a1 synthesis (R 2 > 0.95; P < .01). Furthermore, we show that THBS-1 expression strongly correlates with the histologic grade of fibrosis at week 24 (R 2 > 0.96; P < .01). On the other hand, sphingomyelin phosphodiesterase 3, which catalyzes the hydrolysis of sphingomyelin to form ceramide and phosphocholine, is as far as we know not been reported in human beings in relation to fibrosis before but also correlates strongly to the amount of histopathologic fibrosis (R 2 > 0.88; P < .01). These data indicate the relevance of the signature for developing novel biomarker assays and future diagnostics for early detection of hepatic fibrosis.
Moylan et al 42 published a set of 64 genes that differentiate between patients with mild NAFLD (fibrosis stages, 0-1) and severe NAFLD (fibrosis stages, 3-4). These 64 genes are categorized in several biological processes involved in NAFLD including inflammation, metabolism, and cellular stress responses including oxidative stress and also ECM formation. The presence of these biological processes in human NAFLD patients shows similarities with the key molecular processes as defined in our mouse data set. In addition, similarities were found on the single gene level as exemplified by the abundance of insulin-like growth factor binding protein 7, versican, and fibrilin 1. Differences may be explained by the fact that our molecular fibrosis signature was generated based on the correlation between genes and ECM proteins, thereby emphasizing the fibrotic process, whereas the data set of 64 genes from Moylan et al 42 includes genes involved in multiple NAFLD-and fibrosisrelated processes. The mouse molecular fibrosis signature reflects specific aspects of the human fibrosis processes and therefore can contribute to translational application of the signature.
In summary, our results show time-resolved regulation of key molecular processes involved in the development of NASH and hepatic fibrosis in HFD-fed LDLr-/-.Leiden mice. We have identified a molecular fibrosis signature that marks the active fibrosis process and can be detected before pathologic fibrosis is present. These data have translational value and can facilitate further development of candidate blood-based biomarkers for the early detection of hepatic fibrosis. NOTE. Proteins marked with an "s" in front of the protein name were detected in the guanidine-soluble fraction. The top 8 proteins are included in the molecular signature and were used for further feature selection. 
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